Response of genetic hypercalciuric rats to a low calcium diet  by Kim, Mark et al.
Kidney International, Vol. 43 (1993), pp. 189—1 96
Response of genetic hypercalciuric rats to a low calcium diet
MARK KIM, NELSON E. SESSLER, VRISHALI TEMBE, MURRAY J. FAVUS,
and DAVID A. BUSHINSKY
Nephrology Unit, University of Rochester, Rochester, New York and Section of Endocrinology and Nephrology, University of Chicago,
Chicago, Illinois, USA
Response of genetic hypercalciuric rats to a low calcium diet. A
fundamental mechanism for hypercalciuria in genetic hypercalciuric
rats appears due to a primary increase in intestinal calcium absorption.
However previous studies could not exclude additional mechanisms to
account for the hypercalciuria. To determine if enhanced bone mineral
dissolution either as a primary abnormality or secondary to a defect in
renal tubule calcium reabsorption is responsible for a component of the
augmented calcium excretion we studied rats continually inbred for
hypercalciuria. Nineteenth generation adult female idiopathic hypercal-
ciuric (IH) and non-inbred control (Ctl) rats were fed 13 glday of a
normal calcium diet (0.6% calcium, NCD) for 10 days. Urine calcium
excretion over the last seven days was greater in IH (34 2 mgI7 day)
than in CtI (2.9 0.3, P < 0.01) rats. Some rats in each group were
continued on the same diet while others were fed a low calcium diet
(0.02% calcium, LCD) for an additional 10 days; balance measurements
were made over the final seven days. With LCD, urine calcium
excretion was —8-fold higher in IH compared to Ctl (13 2 mg/7 day
vs. 1.6 0.1, IH vs. Ct!, respectively, P < 0.01). In IH rats percent
calcium absorption was greater (59 3% vs. 45 3, IH vs. Ct!, P <
0.01), however calcium retention was negative (—1.9 2.0 mg/7 day vs.
6.5 0.5, IH vs. Ctl, P < 0.01) compared to Ctl rats. The fall in urine
calcium excretion when IH rats are fed LCD indicates that enhanced
intestinal calcium absorption is a primary mechanism of the hypercal-
ciuria. However, the continued hyperca!ciuria and negative calcium
retention during LCD indicates that an additional mechanism of hyper-
calciuria leads to a loss of bone mineral. Whether this additional
mechanism is a primary bone resorptive process or due to an inability
to conserve urinary calcium remains to be determined.
Hypercalciuria is common in patients with calcium oxalate
nephrolithiasis and contributes to urine calcium oxalate super-
saturation [1—3]. Intestinal calcium absorption is increased in
almost all patients with excessive urine calcium excretion of
genetic origin, so-called idiopathic hypercalciuria [4—8]. The
relationship between intestinal calcium absorption and hyper-
calciuria is unknown [1].
We and others have proposed three hypotheses to explain the
excessive urinary calcium excretion in idiopathic hypercalci-
uria: (1) a primary overproduction of I ,25(OH)2D3 resulting in
increased intestinal calcium absorption; (2) a primary increase
in enterocyte calcium transport in which circulating levels of
1,25(OH)2D3 are not elevated; and (3) a primary transport
defect in renal tubular calcium reabsorption [1, 6, 7, 9—13].
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While each of these hypotheses has been supported in human
studies, in humans it is difficult to separate the many factors
including dietary habits, environmental factors and genetic
traits which may contribute to hypercalciuria [1].
Hypercalciuria occurs spontaneously among rats [14] and the
mating of hypercalciuric rats results in enrichment of the
hypercalciuria among their offspring [15—17]. In the rat we are
able to strictly control the diet and environment and completely
collect urine and feces [15, 18—28]. To help understand the
mechanisms of hypercalciuria in these rats we successively
inbred spontaneously hypercalciuric male and female rats. We
have previously reported that rats from the fourth generation
were markedly hypercalciuric and had increased intestinal
calcium absorption with normal levels of serum 1 ,25(OH)2D3,
indicating that a fundamental mechanism of hypercalciuria was
a primary increase in intestinal absorption of dietary calcium
[15]. However, we could not exclude additional mechanisms
responsible for a component of the hypercalciuria.
A low calcium diet is effective in uncovering mechanisms of
hypercalciuria. Urine calcium excretion greater than net intes-
tinal calcium absorption indicates enhanced bone mineral dis-
solution either as a primary abnormality or secondary to a
defect in renal tubule calcium reabsorption [1]. To determine if
there are additional mechanism(s) accounting for a component
of the hypercalciuria in our genetic hypercalciuric rats we
studied the response of the nineteenth generation hypercalci-
uric rats to a low calcium diet. We found that a large component
of the hypercalciuria is due to primary enhanced intestinal
calcium absorption. However, when rats were fed a diet almost
devoid of calcium, the bred hypercalciuric rats continued to
excrete excessive amounts of urinary calcium, indicating an
additional mechanism of hypercalciuria leading to a loss of bone
mineral.
Methods
Establishment of genetic hypercalciuric rats
Initially, 20 male and female adult Sprague-Dawley rats were
screened for hypercalciuria [15]. The rats were placed in
individual metabolic cages and allowed five days to adjust to the
diet. During this time the rats were fed 13 glday of a diet
containing 0.6% calcium, 0.65% phosphorus, 0.24% magne-
sium, 0.40% sodium and 0.43% potassium and 2.2 IU vitamin
D,/g of food (NCD, normal calcium diet). Deionized distilled
water was provided ad libitum. Two successive 24-hour urine
collections in 0.25 ml 12 N HCI were then obtained on days 6
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and 7 to measure urine calcium excretion. The three male and
three to six female rats with the greatest calcium excretion were
used to breed the next generation. A similar protocol was used
to select the hypercalciuric male and female rats for inbreeding
of subsequent generations. This was carried out for a total of 19
generations to obtain the rats used for the present studies.
Balance technique
The female rats utilized for these studies were kept in the
metabolic cages and continued on the same diet for another 10
days [15]. The control rats were the same strain (Sprague-
Dawley) obtained from the same supplier (as above) and were
studied concurrently at the same age and weight as the inbred
hypercalciuric rats. On days 4 to 10, complete individual
24-hour urines were collected in 0.25 ml 12 N HC1 and complete
individual 24 hour feces were collected, and food and fluid
intake were recorded. Collections for each day were analyzed
individually and the individual values were added to obtain the
seven-day accumulated totals. On day 10, by random allocation
some of the hypercalciuric rats and some of the control rats
were switched to 13 glday of a 0.02% calcium diet (LCD, low
calcium diet) which was matched to NCD. Complete individual
urine and fecal collections were obtained on days 14 to 20 in a
similar manner to days 4 to 10. Any rat that ate less than 12 g of
food or drank less than 15 ml of fluid on any day of the study
was excluded from the entire study. Following the final urine
and fecal collections (day 20) blood was drawn from each rat
under light pentobarbital anesthesia. Serum was separated from
cells within 30 minutes and either frozen at —25°C or diluted for
biochemical measurements. The three females and three males
with the greatest calcium excretion were not sacrificed to allow
for maintenance of the colony [15].
Percent ion absorption was calculated by subtracting the
fecal ion excretion from the intake, dividing by the intake and
multiplying by 100. Net ion retention, or balance, was calcu-
lated by subtracting the urine and fecal ion excretion from the
ion intake.
Serum 1 ,25(OH)2D3
Frozen 1.0-mi aliquots from each rat were thawed at room
temperature and equilibrated with 1,500 cpm of [3H]-
1 ,25(OH)2D3 (101 Cilmmol; Amersham Searie, Arlington
Heights, Illinois, USA) to monitor procedural losses. Extrac-
tion and separation of 1 ,25(OH)2D3 from serum lipids and other
vitamin D metabolites were performed by the method of Rein-
hardt et al [29] as previously described [15, 301. 1 ,25(OH)2D3
content of each sample was quantified in triplicate using the calf
thymus cytosol receptor assay [15, 29, 30]. Overall sample
recovery was 65%. Samples were analyzed blind in two con-
secutive assays. Intra- and interassay coefficients of variation
were 3.4% and 22%, respectively.
Fecal extraction
Stool mineral was extracted by dissolving each 24-hour fecal
collection in 35% nitric acid and 35% perchloric acid (by
volume) at 95°C for seven hours. The solution was brought to
total volume of 25 ml with deionized water, and calcium,
phosphorus, sodium, and potassium were measured [15, 24,
25].
Chemical determinations
Total calcium in serum, urine, and feces were measured by
automatic fluorometric titration, which we have shown to give
results similar to those obtained using atomic absorption spec-
troscopy [31]. Fecal samples were diluted at least 1 to 20 with
deionized distilled water prior to measurement and the calcein
solution was monitored to maintain a pH > 13 to prevent
contribution of Mg to the fluorescence emission. Phosphorus in
serum, urine, and feces were measured by AutoAnalyzer meth-
ods (model II; Technicon, Inc., Tarrytown, New York, USA)
[15, 24, 25]. Sodium and potassium in the serum, urine, and
feces were measured by flame photometry (model 343; Instru-
mentation Laboratory, Lexington, Massachusetts, USA) as
previously described [15, 24, 25].
Statistical analyses
Differences between groups were assessed using analysis of
variance, regressions were calculated by least squares. All
calculations used standard methods (BMDP; University of
California at Los Angeles) written for a digital computer (IBM
PS/2 Model 90 XP 486, Armonk, New York, USA). Mean
values are SE. P values  0.05 are considered to be statisti-
cally significant; NS indicates nonsignificance.
Results
Hypercalciuria in the nineteenth generation
Mter inbreeding 19 generations of hypercalciuric rats, urine
calcium excretion in 100% of the total of 54 females was at least
two standard deviations above the mean of the control rats
(mean + 2 SD of the control female rats = 1.05 mg124 hr). We
choose 22 of these 54 female rats for further study and com-
pared them to 16 control rats. The 22 rats were chosen solely
because each was of the proper age and weight when there was
an available metabolic cage. There was no difference in the
daily urine calcium excretion between the 22 rats chosen for
study (urine calcium excretion = 4.6 0.3 mg124 hr) and the 32
rats not studied (urine calcium excretion 5.1 0.3). None of
the control rats had a urine calcium excretion greater than two
standard deviations above the mean of the control.
Calcium balance on normal calcium diet (days 4—10)
For each of the seven 24-hour urine collections (days 4 to 10),
daily urine calcium excretion was significantly greater in the
idiopathic hypercalciuric (IH) rats than in the non-inbred con-
trol (Ctl) rats while eating the normal calcium diet (NCD, 0.6%
calcium; Fig. 1).
Cumulative urine calcium excretion was substantially higher
in the IH compared to Ctl rats (Fig. 2). There was no difference
in calcium intake between the groups (546 0 mgI7 day in each
group) as each rat consumed all 13 g of diet each day. Intestinal
calcium absorption was greater in the IH compared to the Ctl
rats (Fig. 2). The increase in urine calcium excretion in the IH
rats was offset by their increase in intestinal calcium absorption
such that there was no difference in net calcium retention in the
IH compared to the Ctl rats (Fig. 2).
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Fig. 1. Daily urine calcium excretion in the nineteenth generation
female idiopathic hypercalciuric rats (open symbols) or control rats
(closed symbols) fed a normal calcium diet (triangles, 0.6% calcium,
days ito 10) followed by continuation of the diet (triangles) or by being
switched to a low calcium diet (circles, 0.02% calcium) for the next 10
days. Each rat was fed, and consumed, 13 g of diet each day. Values are
mean SE and number of rats in each group as in Tables 2 and 3.
Calcium balance on normal compared to low calcium diet
(days 14—20)
For each of the seven 24-hour urine collections (days 14 to 20)
daily urine calcium excretion was greater in the IH rats than in
the Ctl rats while eating NCD and also while eating LCD (Fig.
1). Daily urine calcium excretion was lower in the IH rats eating
LCD compared to NCD and was also lower in the Ctl rats eating
LCD compared to NCD.
Cumulative urine calcium excretion was greater in the IH
than in the Ctl rats while eating NCD and also while eating LCD
(Fig. 3). Cumulative urine calcium excretion was greater in the
IH rats eating NCD compared to LCD and in the Ctl rats eating
NCD compared to LCD. There was no difference in calcium
intake between the IH and Ctl rats eating NCD (546 0 mgI7
day in each group) or eating LCD (18.2 0.0 mgI7 day in each
group) as each rat in the study consumed all 13 g of diet each
day.
Intestinal calcium absorption was greater in the IH then Ctl
rats while eating NCD and also while eating LCD (Fig. 3).
Intestinal calcium absorption was significantly higher in the IH
rats eating LCD compared to NCD and in the Ctl rats eating
LCD compared to NCD.
Net calcium retention was not different in the IH and Ctl rats
eating NCD (Fig. 3). However, net calcium retention was
negative (net calcium excretion greater than intake) in the IH
rats fed LCD. Net calcium retention was positive in the Ctl rats
fed LCD. Calcium retention was significantly lower (negative)
in the IH rats fed LCD than in the Ctl rats fed LCD.
Net calcium retention was correlated inversely with urine
calcium excretion in the IH rats fed LCD (r =
—0.957, N = 12,
P < 0.001; Fig. 4). The most hypercalciuric rats had the most
negative net calcium retention.
Serum chemistries
Serum I ,25(OH)2D3 was not different between IH and Ctl rats
fed NCD and rose with LCD in both groups; however, with
LCD serum 1 ,25(OH),D was greater in Ct! rats than in IH rats
Fig. 2. Cumulative 7-day urine calcium excretion, percent intestinal
calcium absorption and net calcium retention for control (Ctl) and
nineteenth generation idiopathic hypercalciuric (IH) rats eating a
normal calcium diet (NCD, 0.6% calcium) for 10 days. Values are mean
SE, number of rats in each group as in Table 2. Urine is the
cumulative urinary excretion of calcium over 7 days and is expressed in
mg/7 day. Absorption is calculated by subtracting the fecal excretion
from the intake, dividing the result by the intake and multiplying by 100
and is expressed as percent. Retention is calculated by subtracting urine
and fecal excretion from intake over 7 days and is expressed in mg/7
day. Calcium intake (546 0 mg) is similar in both groups as each rat
in each group consumed the entire amount of food each day. * different
from Ctl, P < 0.05.
(Table 1). Serum calcium fell in the IH rats fed LCD; however,
it was not different from Ctl rats fed NCD or LCD. There was
no difference in the mean serum phosphorus, sodium or potas-
sium between any group at the conclusion of the study and the
mean initial weight of the rats in each group was not different.
Correlation of intestinal calcium absorption and serum
1,25(OH)2D3
Net intestinal calcium absorption was correlated with serum
1,25(OH)2D3 in IH rats (r = 0.437, N = 21, P < 0.05) and in Ctl
rats (r = 0.616,N = 14, P < 0.02; Fig. 5). The regressions were
different (F ratio = 7.19, P < 0.003) due to a difference in slope;
with increasing levels of serum 1 ,25(OH),D3 there was a greater
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Fig. 3. Cumulative 7-day urine calcium excretion, percent intestinal
calcium absorption and net retention for control (CII) and nineteenth
generation idiopathic hypercalciuric (IH) rats eating a normal calcium
diet (NCD, 0.6% calcium) or a low calcium diet (LCD, 0.02% calcium)
for 10 days. Values are mean SE, number of rats in each groups as in
Table 3. Urine is the cumulative urinary excretion of the ion over 7 days
and expressed in mg/7 day. Absorption is calculated by subtracting the
fecal excretion from the intake, dividing the result by the intake and
multiplying by 100 and is expressed as percent. Retention is calculated
by subtracting urine and fecal excretion from intake over 7 days and is
expressed in mgI7 day. Calcium intake is similar in both groups eating
NCD (546 0 mg/7 day) and in both groups eating LCD (18.2 0.0
mg/7 day) as each rat in each group consumed the entire amount of food
each day. * different from Ctl fed NCD, P < 0.05; + different from IH
fed NCD, P < 0.05; # different from Ctl fed LCD.
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Fig. 4. Net calcium retention as a function of urine calcium excretion
in the genetic idiopathic hypercalciuric rats fed a low calcium diet.
Retention is calculated by subtracting urine and fecal excretion from
intake over 7 days and is expressed in mg/7 day. Net calcium retention
was correlated inversely with urine calcium excretion in the IH rats fed
LCD (R = — 0.957, N = 12, P < 0.001).
N
NCD LCD
Ctl
10
IH
10
Ct!
6
IH
12
l,25(OH)2D3 pg/mi
Calcium mg/dl
Phosphorus mg/dl
Sodium mEq/liter
Potassium mEqi
liter
Weight g
59 4
9.0 0.3
7.6 0.4
137 2
7.1 0.3
210 2
56 6
9.9 0.2
7.4 0.9
139 1
6.6 0.3
207 4
113 9'
9.2 0.3
6.8 0.4
137 1
6.5 0.4
212 2
74
8.8 0•2b
7.8 0.5
135 1
6.8 0.2
212 3
Values are mean SE for N rats in each group. NCD and LCD are
normal (0.6%) and low (0.02%) calcium diets, respectively, and Ctl and
IH are control and genetic idiopathic hypercalciuric rats, respectively;
I ,25(OH)2D3 is 1,25 dihydroxyvitamin D3, weight is initial weight.a Different from Ctl fed NCD, P < 0.05b Different from IH fed NCD, P < 0.05
Different from Ctl fed LCD, P < 0.05
than the increase in absorption resulting in a decrease in net
phosphorus retention.
Cumulative urine sodium, but not potassium, excretion was
greater in IH rats compared to Ctl rats (Table 2). There was a
small, but significant, decrease in sodium and potassium ab-
sorption in IH rats leading to a decrease in the retention of both
ions.
Normal compared to low calcium diet (days 14 to 20).
Cumulative urine phosphorus excretion was greater in IH
compared to Ctl rats on NCD but not on LCD (Table 3).
However, urine phosphorus excretion and percent phosphorus
absorption were greater in both groups of rats on LCD com-
pared to NCD. Compared to NCD, overall phosphorus reten-
tion was less in Ctl rats eating LCD and even less in IH rats
eating LCD.
Cumulative urine sodium and potassium excretion were
greater in IH compared to Ct! rats on NCD (Table 3). A fall in
intestinal potassium, but not sodium, absorption in IH rats
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Table 1. Serum values and initial weights
CtI IH CtI IH
increase in intestinal calcium absorption in the IH rats com-
pared to the Ctl rats (Fig. 5).
Phosphorus, sodium and potassium balances
Normal calcium diet (days 4 to 10). Cumulative urine phos-
phorus excretion was greater in Ill compared to Ctl rats (Table
2). Although phosphorus absorption was also increased in IH
rats, the increase in urine phosphorus excretion was greater
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Fig. 5. Calcium absorption as a function of serum 1,25(OH)2D3 for
genetic idiopathic hypercalciuric (open symbols) and control (closed
symbols) rats. Symbols are: triangles, normal calcium diet (0.6%
calcium); circles, low calcium diet (0.02% calcium). All rats were fed,
and consumed, 13 g of diet each day. Absorption is calculated by
subtracting the fecal excretion from the intake, dividing the result by
the intake and multiplying by 100 and is expressed as percent. Calcium
absorption and serum 1 ,25(OH)2D3 were correlated for the hypercalci-
uric rats (R = 0.437, N = 21, P < 0.05) and for the control rats (R =
0.616, N = 14, P <0.02). The regressions were different (F ratio = 7.19,
P < 0.003); with increasing levels of serum 1 ,25(OH)2D3 there was a
greater increase in intestinal calcium absorption by the IH rats com-
pared to the Ctl rats.
Table 2. Phosphorus, sodium and potassium balance on a normal
calcium diet (days 4 to 10)
N
Ctl
16
IH
22
Phosphorus
Intake 591.5 0.0 591.5 0.0
Urine 200±6 237±8a
Absorption 78.4 0.5 80.1 Ø,5a
Retention 264 5 237 7
Sodium
Intake 15.47 0.0 15.47 0.0
Urine 12.2 0.1 13.4 0.2
Absorption 98.8 0.02 97.5 o.o2
Retention 3.0 0.1 1.7 0.2a
Potassium
Intake 10.01 0.0 10.01 0.0
Urine 7.5 0.1 7.7 0.1
Absorption 96.7 0.8 92.8 0.5a
Retention 2.2 0.1 1.5 0.la
Values are mean SE for N rats in each group. Ctl and IH are control
and genetic idiopathic hypercalciuric rats, respectively. Intake is cu-
mulative intake of the ion over 7 days and is expressed as mg/7 day. As
each rat in each group consumed the entire amount of food each day the
SE for intake are all zero. Urine is the cumulative urinary excretion of
the ion over 7 days and expressed in mg/7 day. Absorption is calculated
by subtracting the fecal excretion from the intake, dividing the result by
the intake and multiplying by 100 and is expressed as percent. Retention
is calculated by subtracting urine and fecal excretion from intake over
7 days and is expressed in mg/7 day.
a Different from Ctl, P < 0.05
absorption between IH and Ctl there was decreased retention of
sodium and potassium in IH compared to Ctl rats fed LCD.
Discussion
On a normal calcium diet (0.6% calcium) females from the
nineteenth generation of inbred hypercalciuric rats excrete
approximately 11 times as much urine calcium as similarly fed
controls. The hypercalciuric rats also absorb a greater percent-
age of intestinal calcium leading to similar net calcium retention
between the two groups of rats. To determine if increased
intestinal calcium absorption alone could account for the hy-
125 percalciuria some of the hypercalciuric rats were fed a low
calcium diet. With this diet urine calcium excretion fell mark-
edly, which is consistent with the hypothesis that overabsorp-
tion of intestinal calcium accounted for much of the hypercal-
ciuria. However, even on this low calcium diet urine calcium
excretion in the hypercalciuric rats was still approximately
eight times greater than controls. The hypercalciuric rats ex-
creted more calcium than they ingested indicating that a loss of
total body calcium, in addition to augmented intestinal calcium
absorption, accounts for the hypercalciuria. Since over 99% of
body calcium is contained within the bone mineral [32, 33] there
appears to be a component of increased bone mineral dissolu-
tion in the hypercalciuric rats fed a low calcium diet.
Both the hypercalciuric and control rats respond to a low
calcium diet with an increase in serum 1 ,25(OH)2D3 (Table 1)
which leads to an increase in intestinal calcium absorption (Fig.
3). However, compared to controls the hypercalciuric rats
exhibit greater absorption of intestinal calcium with increasing
levels of serum l,25(OH)2D3 (Fig. 5). Thus, there appears to be
increased intestinal sensitivity to circulating levels of serum
1 ,25(OH)2D3 in the hypercalciuric rats, similar to our findings in
the fourth generation [15]. In the tenth generation of these rats
we found an increased content of intestinal vitamin D receptors
suggesting that enhanced receptor number may play a role in
the increased intestinal calcium absorption [34].
The mechanism for the apparent enhanced bone mineral
dissolution in the hypercalciuric rats fed a low calcium diet is
not clear from this study. The apparent loss of bone mineral
may be secondary to an inability to conserve urinary calcium or
to a primary enhancement of bone resorption. A defect in renal
calcium reabsorption is suggested by the fall in serum calcium
and the rise in serum 1 ,25(OH)2D3 when the hypercalciuric rats
were placed on a low calcium diet [1]. However, compared to
control rats serum calcium was not decreased and serum levels
of 1 ,25(OH)2D3 did not rise to the same extent in the IH rats
(Table 1). These latter findings may indicate a primary increase
in bone mineral resorption. Perhaps the bone, as well as the
intestine, has an increased sensitivity to 1 ,25(OH)2D3. The
increased sensitivity may be due to an increase in vitamin D
receptor content in the bone as found in the intestine [34].
When Favus and co-workers administered 1 ,25(OH)2D3 to
normal rats eating a low calcium diet, urine calcium excretion
increased markedly and was greater than intestinal calcium
absorption indicating negative calcium retention [35], similar to
the findings in the hypercalciuric rats in this study. When
Maierhofer and co-workers gave patients submaximal doses of
I ,25(OH)2D3 and placed the patients on a low calcium diet they
developed hypercalciuria and negative calcium balance, again
similar to our rats [36]. In vitro l,25(OHbD induces cell
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coupled to the increase in urine sodium and potassium excre-
tion lead to a decrease in sodium and potassium retention in Ill
rats fed NCD. With LCD urine sodium and potassium was
greater in IH than in Ct! rats. With no difference in intestinal
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Table 3. Phosphorus, sodium and potassium balance on a normal compared to low calcium diet (days 14 to 20)
NCD LCD
Ctl IH Ctl IH
N 10 10 6 12
Phosphorus
Intake
Urine
Absorption
Retention
Sodium
Intake
Urine
Absorption
Retention
Potassium
Intake 10.01 0.0 10.01 0.0 10.01 0.0 10.01 0.0
Urine 7.4 0.2 8.4 0.2 7.2 0.3" 8.0
Absorption 96.7 0.8 93.6 0.7k 97.8 0.61 96.7 0.4"
Retention 2.3 0.1 1.0 0.l 2.6 0.3" 1.7
Values are mean SE for N rats in each group, NCD and LCD are normal (0.6%) and low (0.02%) calcium diets, respectively, and Ctl and IH
are control and genetic idiopathic hypercalciuric rats, respectively. Intake is cumulative intake of the ion over 7 days and is expressed as mgI7 day.
As each rat in all groups consumed the entire amount of food each day the SE for intake are all zero. Urine is the cumulative urinary excretion of
the ion over 7 days and expressed in mgI7 day. Absorption is calculated by subtracting the fecal excretion from the intake, dividing the result by
the intake and multiplying by 100 and is expressed as percent. Retention is calculated by subtracting urine and fecal excretion from intake over
7 days and is expressed in mg/7 day.
a Different from Ctl fed NCD, P < 0.05
"Different from IH fed NCD, P < 0.05
C Different from Ctl fed LCD, P < 0.05
591.5 0.0 591.5 0.0 591.5 0.0 591.5 0.0
211 6 253 l4 407 l4a 437 12'
77.2 0.9 78.5 0.1 90.0 0,4a,b 91.9 o.sa.b
246 6 211 l1 125 13a,b 106
15.47 0.0 15.47 0.0 15.47 0.0 15.47 0.0
12.1 0.2 13.9 0.2a 12.1 0.4" 13.2 O3C
99.0 0.3 98.6 0.2 99.1 0.2 99.1 0.2
3.3 0.2 1.4 0.2k 3.2 0.4" 2.1 0.3'
mediated bone resorption [31]. It is possible that the increased
vitamin D receptor content found in the intestine [34] is also
found in the bone of the hypercalciuric rats. Compared to
controls the increased content of vitamin D receptors in the
bone of hypercalciuric rats may result in augmented bone
resorption at comparable levels of serum 1 ,25(OH)2D3 and
could account for the findings in this study. To test this
hypothesis we must determine if there is a difference in osteo-
blastic vitamin D receptor content between hypercalciuric and
control rats.
The increased urine excretion and decreased retention of
phosphorus, sodium and potassium in the hypercalciuric rats is
consistent with an increase in bone resorption, either as a
primary process or secondary to an inability to conserve
urinary calcium. Demineralization of the principle mineral
phase of bone, hydroxyapatite [Ca10(P04)6(OH)2], would lead
to a considerable loss of phosphorus [32]. The mineral phases of
bone are also associated with many cations such as sodium and
potassium [37]. We have found that the surface of bone is rich
in sodium and potassium compared to calcium [38—42] and bone
has long been known to be a reservoir of sodium and potassium
[33, 37] with estimates that bone contains approximately one-
third of total body sodium [43, 44]. Thus the loss of bone
mineral would result in an increased urinary excretion and
decreased retention of phosphorus, sodium and potassium.
Alternatively, the increased urinary excretion of sodium and
potassium in the hypercalciuric rats may be a function of
increased calcium excretion. Expansion of extracellular fluid
volume with saline causes an increase in urine calcium and the
excretion of sodium and calcium increase in parallel over a wide
range of sodium clearances [45—47]. However, in these studies
sodium excretion was varied and calcium was shown to follow;
it has never been determined if primary alterations in calcium
excretion will lead to a parallel variations in sodium excretion.
In humans hypercalciuria is thought to involve either (1) a
primary overproduction of 1 ,25(OH)2D3, (2) a primary increase
in enterocyte calcium transport independent of 1 ,25(OH)2D3 or
(3) a primary renal tubular calcium transport defect. Data in
human studies support each of these discrete hypotheses [1, 6,
7, 9—13]. However a study by Coe and coworkers suggests that
in human hypercalciuria there is a continuum of disorders from
augmented intestinal calcium absorption to impaired renal
calcium reabsorption, and thus it is difficult to separate individ-
ual patients based on a single mechanism of hypercalciuna [9].
As shown in Figure 4, our hypercalciuric rats demonstrate the
same heterogeneity as did the patients in the study by Coe. On
a low calcium diet some hypercalciuric rats were able to
conserve enough calcium to maintain positive calcium reten-
tion; however, other rats were unable conserve urinary calcium
and developed a calcium deficit. It is important to recognize this
continuum in both the rat and human studies. If a patient is
described as having absorptive hypercalciuria, a low calcium
diet might be prescribed to decrease urine calcium excretion.
However, similar to our rats, a low calcium diet may well lead
to negative calcium retention. Since the vast majority of body
calcium is contained within the bone mineral osteopenia would
develop.
The magnitude of the hypercalciuria in our inbred hypercal-
ciuric rats has markedly increased since we described the fourth
generation. In the fourth generation the hypercalciuric females
excreted 1.8 0.2 mg/24 hr [15], in the tenth generation the rats
excreted 2.9 0.4 mg124 hr [34], while in the current nineteenth
generation the rats excreted 4.9 0.3 mg/24 hr. Control female
rats in all three cases excreted less than 0.75 mg/24 hr [15, 34].
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In all cases the rats were fed 13 g per day of the identical normal
calcium diet (0.6% calcium) and were approximately the same
size. The marked increase in calcium excretion with successive
inbreeding of the most hypercalciuric animals indicates that the
disorder is inherited, in a pattern suggesting a polyclonal trait.
Studies in humans also suggest that hypercalciuria is genetic [8,
14, 48, 49].
Previously Lau and co-workers utilized micropuncture tech-
niques to study hypercalciuric female Wistar rats [16, 17]. They
found a defect in calcium reabsorption along the superficial late
proximal tubule that was no longer present in the distal tubule.
They believed that the hypercalciuria was due to a defect in
calcium reabsorption in nephrons that were inaccessible to
micropuncture; however, arguing against a defect in renal
tubule calcium reabsorption was the lack of fall of serum
calcium after an overnight fast [16]. The hypercalciuria per-
sisted in vitamin D deficient rats, which suggested that the
hypercalciuria was not due to a primary disorder of
I ,25(OH)2D3 [17]. It appears that by screening for hypercalci-
uria during a low calcium diet (0.03% calcium), which would
exclude rats with a primary increase in intestinal calcium
absorption, the colony bred by Lau and co-workers selected for
a defect in renal tubule calcium reabsorption.
Thus the nineteenth generation female hypercalciuric rats
exhibit enhanced intestinal calcium absorption as a primary
mechanism of hypercalciuria. However, the continued hyper-
calciuria and negative calcium retention on a low calcium diet
indicates that an additional mechanism of hypercalciuria leads
to a loss of bone mineral. Whether this additional mechanism is
a primary bone resorptive process or due to an inability to
conserve urinary calcium remains to be determined.
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